Idiopathic bronchiectasis is a lung disease in which a dysregulated inflammatory response and recurrent bacterial infection result in progressive lung damage. Bronchiectasis in general can be defined as a common structural end point that can be reached by several pathological routes ranging from foreign body obstruction to postinfectious damage (Mycobacterium tuberculosis), genetic defects (cystic fibrosis), abnormal host defense (ciliary dyskinesia and hypogammaglobulinemia), and autoimmune disease (systemic lupus erythematosus, rheumatoid arthritis, and ulcerative colitis) (1) . However, in idiopathic bronchiectasis, a clinically defined group of patients in whom there is bilateral, predominantly lower lobe disease associated with sinusitis, no underlying disease mechanism has been identified to date. In fact, the diagnosis can be made only after all known causes of bronchiectasis have been excluded.
Patients with bronchiectasis are commonly infected with bacterial pathogens such as Haemophilus influenzae, Streptococcus pneumoniae, and Pseudomonas and show persistent neutrophil trafficking (2, 3) . It is thought that colonization of the lower respiratory tract by microorganisms causes a chronic inflammatory response characterized by neutrophil migration into the airways and secretion of tissue-damaging oxidants and enzymes such as neutrophil elastase and myeloperoxidase with impaired mucus clearance (4, 5) . Although evidence clearly indicates a dysregulated inflammatory process, the specific underlying immune mechanism is unknown. Both innate and adaptive responses are implicated. There is evidence indicating the presence of interleukin 6 (IL-6), IL-8, tumor necrosis factor ␣, neutrophils, CD4 ϩ and CD8 ϩ T cells, and macrophages in the lungs of patients (6) (7) (8) .
Natural killer (NK) cells rapidly accumulate in lung parenchyma during inflammation, recruiting other cell types including neutrophils and T cells (9) (10) (11) . They play a critical role in early host protection against S. pneumoniae infection and other pathogens including M. tuberculosis (12, 13) . Phenotypic differences in NK cells have been shown in mouse strains susceptible and resistant to chronic lung infection with Pseudomonas aeruginosa (14) . CD1d knockout mice show reduced lung eradication of P. aeruginosa (15) . Chemokine-mediated recruitment of NK cells is also a critical host defense mechanism in invasive aspergillosis (16) . These are all infectious pathogens that are often seen in bronchiectasis. In addition, NK cells have been implicated by the development of familial bronchiectasis in individuals with mutations in TAP (transporter associated with antigen processing) genes (17) . These individuals have impaired class I expression and consequent dysfunction of NK cells that may contribute to progressive lung damage (18, 19) .
In light of these data, investigation of NK cell regulation through HLA-C/killer cell immunoglobulin-like receptor (KIR) gene analysis in individuals with idiopathic bronchiectasis could be an important step in the elucidation of mechanisms underlying disease susceptibility. NK cells are involved in the surveillance of pathogens through the interaction of receptors expressed by NK cells with major histocompatibility complex (MHC) class I molecules of infected cells. Cells with abnormal MHC class I expression become targets of NK lytic activity resulting from loss of inhibition of NK cell activation (20, 21) . NK cells interact with HLA class I ligands through receptors such as KIR. Particularly relevant to NK recognition by KIRs are polymorphic HLA-C molecules. Structurally and functionally there are two KIR groups: stimulatory and inhibitory KIRs (21, 22) . It is not known whether stimulatory KIRs bind directly to HLA-C, but experimental evidence suggests that this might be the case. It has been proposed that the binding of HLA-C to activating KIR 2DS1 and KIR 2DS2 is weaker than to their inhibitory counterparts KIR 2DL1 and KIR 2DL2/3 (21, (23) (24) (25) (26) . KIR haplotypes, on chromosome 19q13.4, are highly polymorphic but can broadly be classified as A or B (21) . Similarly, HLA-C alleles can be divided into group 1 or group 2 depending on whether there is an asparagine or lysine present at position 80 of the ␣1 domain (20, 27) . The two HLA-C groups act as ligands that bind different KIRs, the specificity being determined by a single amino acid residue at position 44 of the KIR 2D domain (20, 27) . Through the interaction with inhibitory KIRs, HLA-C molecules are able to modulate NK cell function. This ligand-receptor pairing is thus unusual in the immune system insofar as inheritance of different combinations of these polymorphic germ line sequences in populations imparts differential connectivity to NK cell activation, with different effector cell outcomes capable of exerting a strong impact on disease susceptibility (28) (29) (30) .
We analyzed HLA-C/KIR combinations in individuals with idiopathic bronchiectasis. We identified an increase in the prevalence of HLA-C group 1 homozygosity in idiopathic bronchiectasis, which may result in increased probability of mismatches between KIR and HLA-C ligand with the potential to alter NK cell regulation and function.
METHODS

Subjects with Bronchiectasis and Control Subjects
The study group consisted of 96 unrelated individuals (mean age, 55 Ϯ 1.4 yr; 32% male) with idiopathic bronchiectasis, all of whom gave written, informed consent. Peripheral blood samples were collected from patients attending the Host Defense Unit at Royal Brompton Hospital (London, UK). Patients seen in this unit are clinically phenotyped according to a detailed protocol of investigations. A diagnosis of idiopathic bronchiectasis is made, where there is predominantly bilateral lower lobe bronchiectasis and chronic rhinosinusitis, on the basis of clinical examination, pulmonary function tests, and high-resolution computed tomography. All patients undergo chest and sinus radiography, high-resolution thin-section computed tomography scan, respiratory function tests, and blood investigations including levels of IgG, IgM, IgA, IgE, and IgG subclasses, and testing for rare immunodeficiencies in selected patients where clinically indicated, Aspergillus radioimmunosorbent test and precipitins, rheumatoid factor, anti-nuclear antibodies, and ␣ 1 -antiproteinase. Sputum is sent for microscopy, culture, and sensitivities, smear, and culture for acid-fast bacilli. Skin tests are performed for Aspergillus, and a sweat test proceeding to cystic fibrosis genotyping if abnormal. Cystic fibrosis transmembrane regulator genotyping is conducted to detect the following mutations: ⌬F508, G551D, G542X, 621ϩ1G Ͼ T, R553X, 1717-G Ͼ A, W1282X, N1303K, R117H, R1162X, R334W, and 3849ϩ10kbC Ͼ T. These account for about 83% of mutations in the white population in the United Kingdom. Nasal mucociliary clearance and exhaled nasal nitric oxide are measured, proceeding to full cilia studies where indicated. In selected patients, fiberoptic bronchoscopy, barium swallow, respiratory muscle function tests, semen analysis, and tests for associated conditions are also conducted if clinically indicated. Consequently, patients with known underlying causes of bronchiectasis such as cystic fibrosis, immunoglobulin deficiency, and primary ciliary dyskinesia were excluded before a diagnosis of idiopathic bronchiectasis was made. Control subjects consisted of 101 U.K. heart/lung transplant organ donors (mean age, 24.8 Ϯ 1.4 yr; 73% male). The majority of control subjects died unexpectedly after a road traffic accident, head injury, or cerebrovascular event. The study was approved by the Royal Brompton, Harefield, and National Heart and Lung Institute Ethics Committee. The two groups were matched for ethnicity. We acknowledge that they are not fully matched for age and sex (due to the preponderance of females in the patient group). We know of no bias imposed by sex on HLA-C gene frequencies. Relative ages of sample groups can be a confounding factor for a disease in which the most severely affected individuals die at a young age. There is no evidence of such an effect in this disease, where onset is generally in the twenties and thirties.
HLA-C Analysis
Genomic DNA was extracted from peripheral blood by a high-salt technique. HLA typing of HLA-C alleles was performed by polymerase chain reaction with sequence-specific primers (PCR-SSP), using a cycler plate system (Protrans; Quest Biomedical, Shirley, UK). Highresolution HLA-C analysis was similarly performed with typing plates according to the manufacturer's instructions.
KIR Gene Analysis
Genomic DNA from individuals was typed for the presence or absence of the KIR genes 2DL2, 2DL3, 2DS1, and 2DS2, using two separate PCR amplifications with primers specific for each locus (PCR-SSP) as previously described (28) . Internal control primers for a 796-bp fragment of the third intron of the DRB1 gene were included in each PCR. The PCR conditions used were as follows: 10 min at 96ЊC (HotStart Taq; Qiagen Ltd., West Sussex, UK), followed by 3 cycles of 96ЊC for 24 s, 67ЊC for 45 s, and 72ЊC for 30 s; 25 cycles of 96ЊC for 25 s, 64ЊC for 45 s, and 72ЊC for 30 s; 4 cycles of 96ЊC for 25 s, 55ЊC for 60 s, and 72ЊC for 120 s; and a final extension of 72ЊC for 10 min.
Statistical Analysis
Allele and genotype frequency was determined by direct counting. Statistical analysis was performed by Simple Interactive Statistical Analysis (31) . The odds ratio (OR) and 95% confidence interval (CI) were calculated. Allele and genotype frequency comparisons were made by 2 or Fisher's exact test. p Values less than or equal to 0.01 were regarded as significant and those less than or equal to 0.001 were regarded as highly significant.
RESULTS
Individuals with Idiopathic Bronchiectasis Show an Increased
Frequency of HLA-Cw*03, whereas the Frequency of HLA-Cw*06 Is Reduced Ninety-six unrelated patients with idiopathic bronchiectasis and 101 control subjects were studied. The frequencies of HLA-C alleles in individuals with bronchiectasis compared with control subjects are shown in Table 1 . HLA-Cw*03 was more common in subjects with bronchiectasis compared with control subjects. HLA-Cw*03 was identified in 19.8% of patients, but in only 9.9% of the control subjects (OR, 2.25; 95% CI, 1.25-4.02; p Ͻ 0.006). In contrast, HLA-Cw*06 was identified in 4.2% of patients and 14.4% of control subjects (OR, 0.26; 95% CI, 0.12-0.58; p Ͻ 0.0005; Figure 1A ). The Cw*03 allele was associated with a 2.25-fold increased risk of bronchiectasis and the Cw*06 allele with a 0.26-fold reduced risk.
Increased Frequency of HLA-C Group 1 Alleles in Individuals with Idiopathic Bronchiectasis
Dimorphisms in the HLA-C ␣1 domain that are characterized by Ser-77/Asn-80 and Asn-77/Lys-80 define serologically distinct HLA-C groups termed HLA-C group 1 and HLA-C group 2, respectively (20, 27) . HLA-C alleles are defined in terms of group 1 and 2 ( Table 2) . HLA-C group 1 was more common in subjects with bronchiectasis compared with control subjects. HLA-C group 1 was present in 66% of patients with bronchiectasis compared with 51% in control subjects (OR, 1.88; 95% CI, 1.25-2.82; p Ͻ 0.002; Figure 1B ). Furthermore, a trend toward significance is seen when HLA-Cw*03 and HLA-Cw*06 alleles are not included in the analysis, excluding the possibility that these alleles are singularly driving the group 1/group 2 effect ( Figure 1C) .
HLA-C Group 1 Homozygosity in Idiopathic Bronchiectasis
Approximately half the patients with bronchiectasis were homozygous for HLA-C group 1 ( Figure 2A ) compared with one-quarter of the control subjects (OR, 2.56; 95% CI, 1.41-4.64; p Ͻ 0.002). HLA-C groups 1 and 2 act as ligands for KIR 2Ds and it is through this interaction that HLA-C molecules protect healthy cells from NK cell-mediated cytolysis. KIR 2DL1 and 2DS1 interact with group 2, whereas KIR 2DL2, 2DL3, and 2DS2 interact with group 1 ( Table 2 ). The specificity for the HLA-C type is defined by a single amino acid substitution at KIR 2D position 44 (21, 27) . (C ) HLA-C group 1 and 2 motif frequency in patients (black bars) and control subjects (gray bars), excluding HLA-Cw*03 and HLA-Cw*06 from the analysis. HLA-C group 1: patients, n ϭ 154; control subjects, n ϭ 180. HLA-C group 2: patients, n ϭ 184; control subjects, n ϭ 171. n ϭ number of alleles.
Relationship between HLA-C and KIR Haplotype in Bronchiectasis
The overall KIR gene frequency for 2DL2, 2DL3, 2DS1, and 2DS2 was not significantly different in patients with idiopathic bronchiectasis compared with control subjects (Table 3) . Individuals only expressing HLA-C group 1 on targets will overall have fewer NK cells under inhibitory receptor control due to the missing inhibitory receptor ligand. This would allow stimulatory KIRs greater impact on NK cell function, enhancing activation (29) . We examined the impact of HLA-C group 1 homozygosity in the presence of 2DS1 and/or 2DS2 and found that genotypes with stimulatory KIR expressing only HLA-C group 1 were significantly overrepresented in idiopathic bronchiectasis (33% in patients and 16% in control subjects; OR, 2.733; 95% CI, 1.31-5.70; p Ͻ 0.006; Figure 2B ). Figure 2 . HLA-C group 1 homozygosity confers increased susceptibility to idiopathic bronchiectasis. Black bars, patients; gray bars, control subjects, for all panels. (A ) HLA-C group 1 and 2 motif genotype and disease susceptibility. Patients, n ϭ 96; control subjects n ϭ 99. (B ) HLA-C group 1 homozygosity in the presence and absence of 2DS1 and/or 2DS2 killer cell immunoglobulin-like receptors (KIRs) and disease susceptibility. Patients, n ϭ 90; control subjects, n ϭ 84. (C ) HLA-C group 1 and 2 heterozygosity in the presence and absence of 2DS1 and/or 2DS2 KIRs and disease protection. Patients, n ϭ 93; control subjects, n ϭ 85. n ϭ number of individuals studied. We then explored the relationship between the presence and absence of the activating KIR 2DS1 and 2DS2 in individuals expressing both group 1 and group 2 HLA-C. We determined the combinatorial frequencies of HLA-C group 1 and 2 heterozygotes with 2DS1 and 2DS2. By the criteria defined in the model described by Nelson and colleagues (29) , the presence of HLA-C group 1/2 heterozygosity along with KIR 2DS1 and 2DS2 is expected to lie at the most "inhibitory" end of the NK cell activation gradient. This genotype was significantly underrepresented in individuals with bronchiectasis ( Figure 2C , upper pair of bars; 19% in control subjects compared with 5% in patients; OR, 0.25; 95% CI, 0.09-0.70; p Ͻ 0.005).
TABLE 2. HLA-C GROUP 1/GROUP 2 MOTIFS AND THEIR CORRESPONDING HLA-C ALLELES AND KILLER CELL IMMUNOGLOBULIN-LIKE RECEPTORS
TABLE 3. KILLER CELL IMMUNOGLOBULIN-LIKE RECEPTOR GENE FREQUENCY IN SUBJECTS WITH BRONCHIECTASIS AND IN CONTROL SUBJECTS
About one-quarter of the patients with idiopathic bronchiectasis were homozygous for the AA*01 KIR haplotype (defined in this study as the presence of 2DL3 and the absence of 2DL2, 2DS1, and 2DS2; Figure 3A) . The relationship between HLA-C group 1 homozygosity and KIR group AA*01 homozygosity in Figure 3 . KIR and HLA-C group genotype in idiopathic bronchiectasis (A ) compared with control subjects (B ). Black bars, HLA-C group 1/HLA-C group 1; gray bars, HLA-C group 1/HLA-C group 2; white bars, HLA-C group 2/HLA-C group 2. n ϭ number of individuals studied. The AA*01 KIR haplotype is defined as the presence of 2DL3 and the absence of 2DL2, 2DS1, and 2DS2.
individuals with idiopathic bronchiectasis and control subjects is shown (Figure 3) . Thus it is the increased prevalence of HLA-C group 1 homozygosity in idiopathic bronchiectasis that allows a greater proportion of potential mismatches between KIRs and HLA-C ligands present, which may result in altered NK cell regulation.
DISCUSSION
In idiopathic bronchiectasis chronic bacterial infection and inflammation result in progressive lung damage. Bilateral, predominantly lower lobe bronchiectasis is one of the clinical features of TAP deficiency syndrome (individuals with a mutation in the TAP gene), which can also encompass chronic sinusitis, necrotizing granulomatous skin lesions, and recurrent bacterial pneumonia (18, 19, 32) . Mutations preventing expression of either or both TAP1 and TAP2 proteins cause reduced cell surface expression of HLA class I molecules and, as a consequence, expansions of NK and ␥␦ T cells with increased cytolytic activity are seen (18, 19, (32) (33) (34) (35) . Although this rare group of patients represents a special case of bronchiectasis, the data indicate that bronchiectasis may be associated with dysregulated NK cell function.
The hypothetical framework for our study was thus that idiopathic bronchiectasis, generally considered a disease of unknown etiology, may involve a genetic susceptibility to inappropriate or dysregulated NK cell surveillance of bacterial infection in the lung. The functional impact on NK cell killing of KIR/HLA-C interactions is often analyzed with respect to susceptibility to viruses or tumors, in which mechanisms subverting adaptive immunity through class I down-regulation are a common feature of pathogenesis, leading to a presumed importance of NK cell surveillance. However, bacterial genomes contain, in addition to the well-documented TLR-mediated capacity to up-regulate MHC, gene products capable of specific interference with MHC antigen presentation (36) . Individual differences in NK cell interactions are dependent on combinations of variable KIR and HLA class I gene products. Because the two loci segregate independently, NK cells can express KIRs for which there is no known HLA ligand present. As different receptor-ligand interactions may result in altered NK cell-mediated immunity against pathogens, it is proposed that the relationship between these genes may be important in a disease such as bronchiectasis, where chronic bacterial infection and progressive lung damage may be the result of a dysregulated immune response to infectious pathogens and/or self-antigens.
To gain insights into whether NK cell function may be more broadly significant in this disease, the key polymorphic ligand/ receptor HLA-C and KIR 2D genes were analyzed. We found HLA-Cw*03 to be present more commonly in individuals with idiopathic bronchiectasis, and HLA-Cw*06 less so. The Cw*03 allele was associated with a 2.25-fold increased risk, and the Cw*06 allele with a 0.26-fold reduced risk, of bronchiectasis. More generally, HLA-C group 1 motifs were more common in bronchiectasis, whereas group 2 motifs were less so. HLA-C group 1 homozygosity was associated with markedly increased susceptibility to bronchiectasis. This is noteworthy because a homozygosity effect of this type is not easily reconciled with a simple immune response gene effect whereby a particular HLA class I allele is required for adaptive response to an epitope from a particular pathogen. It is highly reminiscent of several other NK cell disease models, whereby individuals (homozygotes) who are missing ligands for inhibitory receptors will have fewer NK cells under inhibitory control (28) (29) (30) . An absence of inhibitory receptors KIR 2DL1 and 2DL2/3, in the presence of the respective homologous activating KIR 2DS1 and 2DS2 receptors, has been associated with the HLA-Cw*0602-associated inflammatory disease psoriatic arthritis (28) (29) (30) . The bronchiectasis group contained a significantly increased number of individuals expressing only HLA-C group 1 with 2DS1 and/or 2DS2 stimulatory KIRs: this would be considered at the "top end" of the activation spectrum for NK cells. At present, such interpretations depend on a model encompassing many unknowns including the relative affinities of inhibitory and activating KIRs, competitive binding, influence of peptide binding and clonotypic expression of receptors. Nevertheless, the implication that will need to be pursued through functional experiments is that an element of the pathogenesis in this disease relates to excessive activation of NK cells. Antigenic peptides can be either permissive or prohibitive to KIR recognition of HLA class I (21, 25, (37) (38) (39) . This has led to the proposal that a basal set of peptides presented by healthy cells contains permissive peptides, tuned just above the threshold that permits inhibition of NK cells. However, subtle changes in the peptide pool, resulting from, for example, infection, might trigger NK activation (21, 25) . This may be particularly relevant for HLA-C molecules, as they are expressed at one-tenth to one-third of the level of HLA-A and HLA-B and are therefore closer to the threshold necessary for NK cell inhibition (39, 40) . Using activating KIR tetramer-binding studies, formal dependence on the nature of HLA-C-presented peptides has been demonstrated (25) . Furthermore, virally infected cells showed enhanced binding for both stimulatory and inhibitory KIRs (25) . The precise, physiological ligands for the activating KIRs are poorly defined. It has been elucidated that binding of HLA-C to activating KIR 2DS1 and 2DS2 would be weaker than to their inhibitory counterparts KIR 2DL1 and 2DL2/3 (23) (24) (25) . KIR tetramer-binding studies suggest that activating and inhibitory receptors recognize the same set of HLA class I molecules, differing in their binding affinities, such that the stimulatory KIR is not always sufficient to trigger an NK cell response to ligand. This allows fine control during cellular activation (25) . There is support for the notion that non-HLA molecules (such as foreign or microbial antigens, aberrantly expressed normal cell surface proteins, or complexes of pathogen-derived peptides bound to MHC class I molecules) may behave as ligands for activating KIRs (28) . Furthermore, the presence of an activating KIR (KIR 3DS1) gene along with specific HLA alleles encoding Bw4-80I has an epistatic protective effect on AIDS progression (41).
On the basis of gene content, two distinct primary sets of haplotypes have been determined for KIR genes, termed A and B (22) . Haplotype A has seven loci: 2DL1, 2DL3, 2DL4, 2DS4, 3DL1, 3DL2, and 3DL3. An important and probably functionally relevant difference between A and B haplotypes is the presence of stimulatory KIR genes. Haplotype B contains various combinations of 2DS1, 2DS2, 2DS3, 2DS5, 3DS1, and 2DS4, whereas haplotype A contains only a single stimulatory KIR gene, 2DS4. The 2DS4 gene has a null allele with a population frequency of about 84% (42) . Therefore, most individuals who are homozygous for haplotype A may express no activating KIR (43) . The frequency of the two major haplotype groups, A and B, is different across ethnic groups (44) (45) (46) (47) (48) (49) (50) (51) . For example, the A haplotype allele frequency for Japanese populations is as high as 75% and for Australian aborigines as low as 15% (52, 53) . It is noteworthy that the prevalence of childhood bronchiectasis among Australian aborigines is extremely high at 14.7 per 1,000, a rate that is 40-fold greater than in nonindigenous Australian populations (0.35 per 1,000) (52) . Furthermore, a chronic, HLA class Iassociated lung disease similar to bronchiectasis, diffuse panbronchiolitis, is relatively common in Japanese populations (53) . Thus, in two ethnic groups with increased probability of polarized HLA class I/KIR combinations, an unusually high incidence of bronchiectasis-like disease is described. About one-quarter of the patients in this study were homozygous for the KIR A haplotype (defined in this study as the presence of 2DL3 and the absence of 2DL2, 2DS1, and 2DS2). The increased prevalence of HLA-C group 1 allotype homozygosity in bronchiectasis allows a greater proportion of potential mismatches between KIRs and HLA-C ligands, which may impact NK cell regulation.
The present study is the first to establish genetic susceptibility in idiopathic bronchiectasis: the association with HLA-C group 1 homozygosity, and the interplay between HLA-C/KIR genes, taken together with findings in TAP deficiency syndrome, are consistent with a role for NK cells in disease pathology. More specifically, the data suggest a role for excessive or inappropriate NK cell activation. Certainly, for this chronic progressive lung disease, for which there is no clear mechanistic hypothesis, the findings suggest that experiments on NK cell function may be informative. More generally, the findings reveal a new level of complexity to our understanding of the relationship between HLA class I and KIR genes and the impact that this has on disease susceptibility. In evolutionary terms it seems that, to benefit from the genetic diversity of this system that allows the generation of an efficient and effective immune response to environmental pathogens, there is a cost: mismatches can occur at an individual or population level, ending in disease through an inappropriately regulated immune response.
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